Pulsatile spiral blood flow in a modelled three-dimensional arterial stenosis, with a 75% cross sectional area reduction, is investigated by using numerical fluid dynamics. 
Introduction
Heart attack and stroke are leading causes of death in the Western World (Leys, 2001) . The hemodynamics in blood vessels of the human circulatory systems is closely linked to the causes of such cardiovascular diseases; hence the study of blood flow dynamics is of great interest.
In-vivo research of Stonebridge (Stonebridge, Spiral laminar flow in arteries?, 1996) showed that the blood flow through the arteries is a helical spiral type flow due to the twisting of the heart about its own axis. Stonebridge further remarks that this spiral component of blood flow has both beneficial and detrimental effects in the human circulatory system.
A large amount of research on laminar hemodynamics has been conducted previously, however, the effects of the spiral component are not well known so far. Hence it is clear that simulation of spiral flow through stenosis needs further study.
Early experimental studies were mostly conducted in-vitro and using laser Doppler techniques whilst later moving on to echo magnetic resonance techniques. These investigations provide data which we still use for validation of our numerical investigations. Studies regarding steady flow through axisymmetric stenosis were carried out by Ahmed and Giddens (Ahmed & Giddens, 1983 ) using laser Doppler anemometry and flow visualization. They investigated the effects of various degrees of stenosis reduction on the velocity fields within the vessel for flows ranging Re Further Stonebridge et al. (Stonebridge, Buckley, Thompson, Dick, Hunter, & Chudek, 2004) continued investigating spiral laminar flows using gradient echo magnetic resonance imaging and computational fluid dynamics (star CD), imposing both spiral and non-spiral flows through stenosis and unstenosed vessels. Their findings showed no difference in flow pattern in the unstenosed vessel, however in the stenosed vessel the spiral flow showed to preserve flow velocity coherence and concluded that the spiral flow had clear profile stabilizing advantages over the non-spiral case.
With the advancement of computing power computational fluid dynamic techniques have become powerful tools in the study of hemodynamics. Initial computational work into blood flow which included turbulence modelling was conducted by Galichi et al. (Ghalici, Deng, De Chamlain, Douvill, King, & Guidoin, 1998) . The k-ω turbulence model was used to analyse transitional or turbulent flow distal to arterial stenosis over a range of physiologically representative Reynolds numbers. The study showed good correlation between computational results and experimental data collected previously and provided good evidence of the suitability of the k-ω model for blood flow problems.
Further work was carried out by Lee et al. (Lee, Liao, & Low, 2003) where the k-ω model was again implemented to investigate parabolic turbulent blood flow imposed through a series of axisymmetric stenosis. It was concluded again that in the laminar flow region the numerical solutions provided by the k-ω model matched those given by the laminar flow modelling, suggesting that the k-ω model is good enough to predict both laminar and turbulent flow in stenosed vessels. Later work conducted by Paul et al. (Paul, Molla, & Roditi, 2009 ) on LargeEddy simulation of pulsatile blood flow through a 3D model stenosis highlighted weakness in the RANS models. Only time-averaged results can be obtained from the k-ω model instead of instant results, which makes the k-ω model unpopular for pulsatile flow simulation. However, recent published papers showed that the k-ω model could be useful at predicting transitional pulsatile flows at a choice of relatively low Reynolds numbers (Ryval, Straatman, & Steinman, 2004 ) (Tan, et al., 2008) .
Work into the effects of different shapes of stenosis on unsteady Newtonian flow was done by Sarifuddin et al. (Sarifuddin, Chakravarty, Mandal, & Layek, 2008) which concluded that the post-stenotic flow behaviour is largely dependent upon the shape of the stenosis itself with cosine, irregular and smooth shapes being considered under the investigation.
Paul and Larman (Paul & Larman, 2009 ) conducted work which investigates the effects of different magnitudes of spiral component in arterial stenosis using a 3D k-ω turbulence model for flows of Reynolds number 500 and 1000. The paper highlights significant differences observed on wall shear stresses for non-spiral and spiral cases, additionally increases in pressure and velocity were found present in the spiral cases and the work draws relevant pathological conclusions.
The objective of this piece of work is to progress the understanding of spiral blood flow by conducting numerical simulation of blood flow through a 75% area reduction stenosis arterial geometry using the Wilcox's k-omega turbulence model (Wilcox, 1993) The numerical formulation of the model and the numerical methods are summarised in Sections 2 and 3 respectively. Section 4 presents results and relevant discussion, whilst a general conclusion to the work is drawn in Section 5.
Problem Formulation
The blood vessel including its stenosis under investigation is modelled as a three-dimensional axisymmetric tube which is shown along with all its dimensions in Figure 1 . The geometry of the stenosis is defined by the cosine function;
where r and x are the radial and axial coordinates respectively, and R and D are the radius and diameter of the unstenosed vessel. ߜ is a constant which controls the area reduction of the tube, in the case of this investigation ߜ is given as 0.25 resulting in a 75% reduction of the crosssectional area at the centre of the stenosis. The length of the inlet zone is 40 mm or 4D, if normalised by the vessel diameter, the length of the stenosed zone is 20 mm or 2D and the downstream length of the model is 210 mm or 21D, giving an overall length of 270 mm. The diameter taken in this study is typical of femoral or carotid artery.
The flow domain was meshed using the meshing software Gambit 2.4 (Fluent, 2007) with a boundary layer attached to the wall of the vessel. A gradient scheme was also applied along the axial direction of the model so that the finest mesh is found in the throat and immediately downstream of the stenosis with a gradually coarsening mesh as you move downstream, keeping computational cost to a minimum.
The principal laws of the conservation of mass and momentum govern the three dimensional fluid motion. In large arteries such as the one under investigation in this model, blood can be assumed to behave as a Newtonian fluid (Lam, Fung, Cheng, & Chow, 2008) and hence the continuity equation and the Reynolds averaged Navier-Stokes equations can be written in tensor form as;
where u i (i=1,2,3) are the components of the velocity, p is the pressure and ρ is the fluid density.
The Reynolds stresses ߬ are modelled by the Boussinesq hypothesis as follows:
where ‫ݑ‬ In order to simplify modelling it is assumed that the rheological properties of the fluid are kept within the range where the blood through the model can be said to be an incompressible, Newtonian and homogeneous fluid (Ku, 1997) . Hence the dynamic viscosity of the blood flow µ, is assumed to be constant at 0.00371 Nsm -2 and blood density ρ which is also assumed to be constant, has been taken to be 1,060 kgm -3 (Ku, 1997) .
The arterial vessel is also simplified for the purpose of modelling by assigning no-slip boundary conditions along the vessel wall and considered to be a rigid, impermeable and perfectly circular tube. These assumptions mean that the model is subject to similar flow conditions to those found when conducting in-vitro experiments in glass apparatus (Ahmed & Giddens, 1983) .
Numerical Simulations
A 3-D axial velocity, ߴ ሺ‫,ݕ‬ ‫ݖ‬ሻ, is applied at the inlet, where the magnitude of the bulk streamwise velocity, ܸሺ‫ݐ‬ሻ, varies with time and is controlled by a physiologically representative pulsatile velocity waveform, shown in Figure 2 (a) and taken from the experimental data of Lam et al. (Lam, Fung, Cheng, & Chow, 2008) . The controlling waveform is scaled such that the peak velocity magnitude corresponds to a flow of Reynolds number of 500 and 1000. The period is 1 second per cycle (that gives 60 heart beats per minutes), and the peak flow occurs at 0.25 sec whilst the peak pressure occurs at 0.3 seconds (see Figure 2b ). Hence the time-dependent inlet axial velocity is defined by the following relation:
The spiral component of the flow is applied to the inlet as a component of tangential velocity ߴ ௧
and is related to the bulk streamwise velocity, ܸሺ‫ݐ‬ሻ, by a controlling constant, C, which in most cases of real blood flow and throughout this investigation takes the value of
Buckley, Thompson, Dick, Hunter, & Chudek, 2004) . The tangential velocity is hence defined by the following relation:
No-slip condition is applied to wall. Hence the tangential velocity defined in Equation (6) is zero at the wall and centre, however it is maximum near the wall. A pressure based implicit solver was applied to solve iteratively the governing equations which were discretised to form a system of algebraic equations by using the finite volume method. In the discretisation process, the second order upwind scheme was used for the equations of momentum, turbulent kinetic energy (k) and specific dissipation rate (ω); while the second order accurate scheme was used for the Poisson-like pressure equation formed to couple the velocity with the pressure field according to the SIMPLE method described by Patankar and Spalding (Patankar & Spalding, 1972) . The inlet boundary conditions (5-6) for the streamwise velocity and the spiral speed and the outlet pressure waveform were written in C-language using the interface of User Defined Function (UDF) of Fluent and linked with the solver. The solution process was initiated from the inlet and the convergence criteria for the solutions was defined as the residuals, of each equation being solved, reducing to 10 -4 . And a timestep size of 5 × 10 ିଷ was used throughout the simulations.
Results and Discussion
A mesh independence test was conducted to ensure that the numerical solutions are independent of the geometrical mesh arrangement employed. An initial mesh of 491,000 control volumes was used, the next mesh volume increased by about 25% resulting in a larger mesh of 609,000
volumes and for the final mesh the resolution was increased by a further 100% resulting in a mesh with a massive 1,180,000 elements. For each mesh simulations were run using a steady parabolic flow of Reynolds number 500 and 1000, and the results along with a comparison against the experimental data of Ahmed and Giddens (Ahmed & Giddens, 1983) are shown in In Figures Figure 5 and Figure 6 , the variation of static pressure, axial velocity, tangential velocity, and radial velocity along the centre line of the vessel is plotted at various key times (t = 4.25s, 4.30s, 4.40s and 4.60s) during the flow cycle for each of the four flow scenarios such as Re = 500, Re = 500 Non-Spiral, Re = 1000 and Re = 1000 Non-Spiral. In general, the plots of the static pressure in Figure 5 show a little variation between the spiral and non-spiral cases early in the flow pulse, however, once the flow time reaches 4.60s, which is close to the mid-diastole phase, differences appear. Particularly, in the Re = 500 Non-Spiral case, the pressure along the entire centreline is significantly less than in the nominal spiral case but the profile shape is similar (frame d). In the Re = 1000 case a large dip in pressure appears about the throat of the stenosis with an initial rapid increase followed by a gradual increase in pressure the rest of the length of the vessel. However, in the corresponding non-spiral case the pressure in the inlet is much higher, there is no dip at the throat and the pressure in the downstream gradually increases.
In general the spiral flow seems to create a greater pressure through the immediate downstream of the stenosis region, towards the end of the pulse cycle (frame d).
The corresponding axial velocity profiles, presented in Figure 6 , show little differences in the Re = 500 case with an exception of a slight decrease in the magnitude upstream of the stenosis in the inlet section in the spiral case. The same can be seen in the Re = 1000 case where, in general, the spiral effect causes the magnitude of the blood velocity fall before the stenosis. However, the effects of spiral in Re = 1000 are prominent during the diastole phase for time 4.30s onwards.
Particularly, there is a significant reduction in the peak axial velocity between immediately downstream of the stenosis of the spiral case compared to the Non-Spiral case at t = 4.40s.
Interestingly, similar trends are displayed in the results for the radial velocity plots. In the first two time instances there are few discrepancies between the spiral and non-spiral cases apart from a slight reduction in magnitude of the post-stenosis peak in the Re = 1000 case compared to the Re = 1000 Non-Spiral scenario. But at t = 4.40s, differences are larger. Immediately at the post stenosis, the first peak in the Re = 1000 case (at approx. z = 0.025 m) is approximately twice the magnitude and of the opposite direction to that of the Re = 1000 Non-Spiral case. Further downstream the two profiles seem to align again and the second peak at around z = 0.1 m is fairly similar for both cases. In the last frame at t = 4.60s, the mid-stenosis peak for both Re = 500 and 1000 is significantly larger in the non-spiral case compared to the spiral case. There is also a secondary peak which occurs in both Re = 500 cases at z = 0.075 m, which does not seem to occur in the Re = 1000 cases.
The most dominant effects of spiral are found in the tangential velocity, as possibly expected, since the spiral component of the velocity at the inlet was applied to the tangential direction. In both the spiral cases of Re = 500 and 1000, the magnitude of the tangential velocity from the inlet drops at the first two time frames for 4.25s and 4.30s and diminishes towards the far downstream of the stenosis. In terms of the profile shapes and manners, these are quite similar
for Re = 500 and 1000 in the first two time frames. However, in the third time frame, where t = 4.40s, there is a significant rise to the peak at the post stenosis found in the Re = 1000 case which does not exist in the corresponding Re = 500 case. Interestingly, though the peak occurring at about the same post stenosis location in the fourth frame at t = 4.60s, there is a sudden drop in the tangential velocity predicted in the pre-lip location of the stenosis for both Re = 1000 and 500
cases.
Turbulence intensity gives a good measure of the instability of the flow and its variation along the centerline, at different times, is shown in Figure 7 (left). Throughout all of the sampled flow times it is clear that the turbulence intensity for the spiral cases has less magnitude than that of the non-spiral flow case. Whilst in the Re = 1000 case the two profiles have similar shapes, but different magnitudes, in the Re = 500 case there is a larger difference. Specifically, at t = 4.25s and 4.30s there is a clear peak in the turbulence intensity immediately downstream of the stenosis in the case of non-spiral flows which is not found in the spiral case.
Generally, the turbulence intensity profiles show a lower level of turbulence for the spiral cases throughout the pulse cycle with the trend being amplified at the lower Reynolds number flow.
This pattern clearly indicates that the spiral effect has a stabilizing effect on the flow downstream of the stenosis and could reduce the potential damage done by the turbulence to the blood-cell materials in the stenosed artery (Ku, 1997) .
Wall shear stresses were calculated using a circumferential average approach and plotted as a function of length along the vessel, also shown in Figure 7 (right). The shear stress profiles at time t = 4.25s and 4.30s show little discrepancies among the results between the spiral and nonspiral, however at time t = 4.40s the magnitude of the post stenosis peak in the Re = 1000 case is significantly greater than that of the equivalent non-spiral case. Moving on the flow time to t = 4.60s the results show that in the same Re = 1000 case now in the region immediately downstream of the stenosis the shear stress is in fact less in the spiral case, opposite to that observed in the previous time step. Additionally, the spiral flow reduced the shear stresses upstream, and the profiles for the Re = 500 cases show very limited discrepancies throughout the flow cycle in the stenosis throat as well as in the downstream regions of the vessel.
Flow pathlines, where the particles are released from the inlet, are presented in Figure 8 at the four different times, previously used, for each flow situation to see the effects of spiral on the separated blood flow downstream from the throat of the stenosis. Throughout the plots there is a clear change in the structure in the recirculation region and flow structure induced by the spiral component. When regarding the pathlines taken at the four specific times during the same flow cycle it is easy to visualize the pulse of 'corkscrew' type flow (Frydrychowicz, Harloff, Jung, Zaitsev, & Eigang, 2007) moving through the vessel in the spiral cases.
Conclusions
In this investigation a k-ω turbulence model has been used to model pulsatile spiral blood flow through a 75% cross sectional reduction stenosed vessel. An expected 'corkscrew' type pulse of flow has been observed downstream of the stenosis caused by the spiral components applied at the inlet boundaries. This spiral component has several observed effects on the flow properties which as mentioned in the introductory section has both beneficial and detrimental effects in the human circulator system (Stonebridge, Spiral laminar flow in arteries?, 1996) which is in agreement with the findings of this report.
The spiral component causes reduction in the turbulence intensity for both the investigated Reynolds numbers, which has a stabilising effect on the downstream region of the stenosis as suggested by previous work by Stonebridge (Stonebridge, Buckley, Thompson, Dick, Hunter, & Chudek, 2004) and Paul and Larman (Paul & Larman, 2009) . This is of great pathological interest as the rise of turbulence intensity in the post stenosis region is responsible of causing damage to the blood-cell materials and to activate platelets in the blood, and subsequently, they create many pathological diseases (Ku, 1997) .
A second beneficial effect was observed in the Re = 1000 flow case where there was a reduction of post-stenosis oscillatory shear stress in the simulation with induced spiral flow. There was no such trend observed in the lower Reynolds number flows though. Oscillatory shear stress is known to cause potential damage to the inner side of the post-stenosis blood vessel, called endothelium (Fry, 1968) .
Conversely, however, with the induction of a spiral component negative effects were also
observed. An increase in pressure downstream of the stenosis was observed during the deceleration phase of the velocity pulse cycle, t = 4.40s and 4.60s, where the consequences of increased blood pressure of which are well known.
In 
